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■»-«< ii> i iiu im luiP'.i"' i ..iiiumwii n , A detailed study of the travel time anomalies of the Seattle earthquake supports the existence of a high-velocity slab dipping at 50 o E. beneath southwestern Canada and the northw o sJ:ern United States, Helmberger, Donald V., "Long-Period Body-Wave Propagation from 4 to 13°," Seismol. Soc. America Bull., 62, No. 1, 325-341, February 1972. Numerical seismograms are computed for a compresjional pulse in a layered model. The simpler models consist of a fluid layer over a fluid half-space, a fluid layer over a solid half-space, and a solid layer over a solid half-space. Restricted portions of the theoretical response for a layered model approximating the Earth are constructed. Synthetic seismograms are generated using the pressure pulse appropriate for N T S events and the long-period instrument response. The interplay between the PL wave, the refracted wave along the lid, and the arrival from the base of the low-velocity zone is displayed. A detailed comparison between the synthetics and observations indicates a prominent low-velocity zone with appreciable seismic absorption. Observed regional wave-shape characteristics are displayed and a reconnaissance map of lateral variations along the top of the mantle presented.
Archambeau, Charles B., "The Theory of Stress Wove Radiation from Explosions in Prestressed Media," Royal Astron. Soc. Geophys. Jour., 29, 329-366, January 1972. Stress wave radiation from underground explosions has been observed to contain an anomalous shear wave contribution which is most likely of tectonic origin. In this paper the theoretical radiation field to be expected from an explosion in a prestressed medium is given under the assumption that no secondary low symmetry faulting on a large scale occurs and that the total tectonic component of the field is due to stress relaxation around the roughly spnerical fracture zone created by the explosive shock wave. Evidence for the occurrence of this simple kind of tectonic source is considered, and it is concluded th*t this model is appropriate in many, if not most, instances involving underground explosions. Expressions for the spectrum of the radiation field and its spatial radiation pattern are given in terms of multipole expansions for the components of the rotation potential and the Hanks, Thomas C., and Wayne Thatcher, "A Graphical Representation of Seismic Source Parameters," Jour. Geophys. Research, ]]_, No. 23, 4393-4405, August 10, 1972. sion The seismic source parameters seismic moment M 0 , r , shear-stress drop Ao , effective shear stress source dimena e ff, radiated energy E s , and apparent stiess rp can all be expressed in terms of three spectral parameters that specify the far-field shear displacement of J. N. Bruno's 1970 seismic source model: ü Q (the long-period spectral level), f 0 (the spectral corner frequency), and e , which controls the high-frequency (f > f 0 ) decay of spectral amplitudes. All the above source parameters can be easily extracted from a log-log plot of ^0 versus fg (e when < 1 entering as a parameter), but only three of them are independent. The apparent stress is proportional to the effective shear stress, not the average shear stress. The ^o-f 0 diagram is especially convenient for comparisons within a chosen suite of seismic and/or explosive sources. The equation on which the GutenbergRichter energy-magnitude (ERR-ML) relation was originally based is cast into an approximate spectral form; EQR can then be easily compared with E s on the ^0-f 0 diagram for ar, earthquake of any Mi_ . Within the framework of the (i2 0 ,f 0 ,e) relations, it is a simple matter to construct an earthquake magnitude scale directly related to the radiated energy Es.
Alewine, R. W., "Theoretical and Observed Distance Corrections for Rayleigh-Wave Magnitude," Seismol. Soc. America Bull, 62^, No. 6, '\b'\'\-1619 , December 1972 the Examination of the distance correction factor used in the widely accepted formula for surface-wave magnitude reveals that this empirically derived linear formula fails to give an accurate approximation to the theoretical nonlinear amplitude-distance relation for epicentral distances less than 15°. For epicentral distances greater than 15°, empirical formula contains an implied oceanic type energy-dissipation coefficient. When the original Gutenberg theoretical surface-wave magnitude formula with an appropriate continental energy-dissipation coefficient is applied to explosion data from the Nevada Test Site, a consistent surface-wave magnitude is obtained at all distances. A systematic method of normalizing Rayleigh-wave magnitudes obtained over different types of propagation paths is suggested. This normalization might provide a means for better separating natural events and explosions in the ^k-M plots. Synthetic seismograms of both body waves and Rayleigh waves are used to determine the radiation field of a few large contained underground explosions. A number of possible source descriptions are investigated. A reduced displacement potential of the form, <f)(t) = <$> t^ exp(-nt), fits the long-and short-period data. The source parameters appropriate for the Boxcar event are % =0.5 and n = 0.15 . Synthetic PL and Rayleigh waves are compared with observations from a number of different size events to determine the dependence of n on yield.
The amplitude of the long period synthetic body wave responses at ranges greater than about 12° increases rapidly as the source depth is increased. Thus the difference in spectral properties of explosions and earthquakes can be largely explained by the depth effect. The theoretical ratio SP/LP, that is the short period divided by the long-period amplitude, is computed from 1? to 25° for the Johnson upper mantle model and the Boxcar source. A study of an earthquake which cannot be distinguished from an explosion using + .ne m b vs. M«. criterion is investigated by the SP/LP discriminate. A suite of the most recently available geophysical data are inverted by a trial and error procedure with the help of the equation of state of some rock-forming minerals. An Earth model, designated as OC-1, is obtained to fit (1) the total mass and moment of inertia of the Earth, (2) free oscillation periods for fundamental spheroidal and torsional modes in the order number range n = 2-60, (3) phase velocity of Rayleigh and Love waves for pure-oceanic paths in the period range 100-325 s, and (4) group velocities of Rayleigh and Love waves for predominantly oceanic paths in the period range 100-325 s. This model has a well-developed low-velocity channel between 70 and 210 km, high density (3.50 g/cm 3 ) and high shear wave velocity (4.72 km/s) in the lid, and a negative gradient of shear wave velocity between 220 and 340 km. In the period range shorter than 250 s , the discrepancy between Rayleigh and Love waves may exist. The discrepancy may be resolved by introducing the small anisotropy of the partially molten low-velocity channel into the model. Seismic refraction measurements were made along a 600-km profile extending due south from the Canadian border across the Columbia Plateau into eastern Oregon. The source for the seismic waves was a series of 20 high-energy chemical explosions detonated by the Canadian government in Greenbush Lake, British Columbia. First arrivals recorded along this profile are on the Pn travel-time branch. In northern Washington and central Oregon, their travel time is described by T = A/8.0 + 7.7 sec; but in the Columbia Plateau, the Pn arrivals are as much as 0.9 sec early with respect to this line. An interpretation of these Pn arrivals together with later crustal arrivals suggest that the crust under the Columbia Plateau is thinner by as much as 12 km or has an average P-wave velocity higher by as much as 0.8 km/sec than the 35-km-thick, 6.2-km/sec crust under the graniticmetamorphic terrain of northern Washington. A tentative interpretation of l?ter arrivals recorded beyond 500 km from the shots suggests that a thin 8.4-km/sec horizon at a depth of 100 km may be present in the upper mantle beneath the Columbia Plateau and that this horizon cay form the lid to a pronounced low-velocity zone extending to a depth of about 140 km. A detailed analysis of the surface wave radiation from two underground explosions (BILBY and SHOAL) and an earthquake near Fallc;i, Nevada, whose epicentre is only 60 km from SHOAL, indicates that:
(1) at long periods the surface wave radiation from the earthquake can be explained by a pure quadrupole (double couple) source, but at higher frequencies the radiation pattern contains asymmetries which suggest effects due to rupture propagation; these would require higherorder multipole terms in the source equivalent representation; (2) the surface waves from the explosions can be explained by superimposed monopole and quadrupole sources, with no indication of higher-order multipole terms, at least in the period range comparable to that in which the earthquake signal was recorded; (3) the principal conclusion of this study is that the anomalous radiation from the explosions is probably due to stress relaxation around the shock-generated shatter zone and not due to earthquake triggering. Comparative analysis of SHOAL and FALLON shows that: (1) the ratio of the Love wave amplitude generated by the earthquake to the Love wave amplitude from the explosion increases with period, which implies a larger source dimension for FALLON; (2) the normalized spectral ratio of Love wave amplitude to Rayleigh wave amplitude, considered as a function of period, is nearly constant and close to unity for the explosions, but laiier for the eartho'jake by a factor of two c three, and increasing wit!; period. These differences might be useful in distinguishing earthquakes from explosions (ct least in the magnitude range of the events used in this study, m b 4.4 and above), as well as for estimating source^ parameters, such as stress, which are of fundamental geophysical interest. A routine procedure for determining fine structure of the crust and upper mantle around recording stations is proposed. This cyclic procedure is a combined study of all available seismological methods such as body-wave transfer ratios, surface-wave dispersion, travel times, and synthetic seismograms, and a study of body-wave transfer ratios is in the heart of it. This approach leads to an unambiguous estimation of the layered structure in the upper part of the Earth. 
Mitchell

Whitcomb earth by
The initial objective of Part I was to determine the nature ot upper mantla discontinuities, the average velocities Ö«™«* tht MBtlt, and differences between mantle structure urder continents and oceans by the use of P'dP', the seismic core phase P'P' (PKPPKP) that reflects at depth d in the mantle. In order to a-complish this, It was found necessary to also investigate core phases themselves and their inferences on core structure. P'dP' at both single stations and at the LASA array in Montana indicates that the following zones are "ndu^tes for discontinuities with varying degrees of confidence: 800-950 km, weak. 63Ü-670 km, strongest; 500-600 km, strong but Interpretation in doubt, 350-415 km, fair; 280-300 km, strong, varying in depth; 100-200 km, strong, varying in depth, may be the bottom of the low-velocity zone. It is estimated that a single station cannot easily discriminate between asymmetric P'P' and P'dP' for lead times of about 30 sec from the main rr phase, but the LASA array reduces this uncertainty range to le than 10 sec. The problems of scatter of P'P• "«^gjfj^• mainly due to asymmetric P'P', incorrect identification of the branch, and lack of the proper velocity structure at the velocity point, are
oi ed and the analysis shows that one-way travel of P waves hrough oceanic mantle is delayed f* 0.65 and 0.95 sec relative to United States mid-continental rrcmtle.
A new P-wave velocity core model is constructed from observed times. dt/dA'i, and relative amplitudes of P'; the observed times of SKS SKKS ^nd PKiKP; and a new mantle-velocity determination by Jordan and'Ander^on. The new core model is smooth except for a discontinuity at the inner-core boundary determined to be at a radius of 1215 km Short-period amplitude data dc not require the inner core Q to be significantly lower than that of the outer core. Several lines of evidence show that most! if not all, of the arrivals preceding the OF branch of P' at distances shorter than 143° are due to scattering as proposed by Haddon and not due to spherically symmetric discontinuities just aoove the inner cSre as previously believed. Calculation of e t^ "Urne distribution of scattered phases and comparison with published data shows that the strongest scattering takes place at or near the coremantle boundary close to the seismic station.
In Part II, the largest events in the San Fernando earthquake series, ?nU?ated by the main shock at 14 00 41.8 GMT on February 9, U ■Hta. aiSv-rioution of sources and receivers Sinrp thic ^r ^,-*^,-w ^ obtain for absolute times. «JflÄ "ml «UAS't.* 
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constrain the velocities. It is shown that the bias inherent in available sets of differential travel-time data is considerably less than that in equivalent sets of absolute travel-time data, if the phase combination is suitably chosen. Observations are presented for the phase combinations PcP-P, ScS-S, P'(AB)-?'(DF). and P'lBO-P^DF).
The inversion algorithm developed is based on a linear approximation to the perturbation equations and is shown to provide a stable method for estimating the radia! distributions of velocities and density from a finite number of inaccurate data. The linear inversion theory presented is complete; it allows one to estimate the resolving power of the data and the resolvability of specified features in the model. Three estimates of the radial distributions are derived using an extensive set of eigenperiod ,fid travel-time data. One model, designated model Bl, fits 127 of the 177 eigenperiods of the Dziewonski-Gilbert set within their formal 95% confidence intervals. This model satisfies extensive sets of auxiliary data as well.
It is shown from resolving power calculations that little information is lost by using differential travel times in lieu of absolute times. It is demonstrated that the nature of the averaging in the estimation procedure for given sets of gross Earth data can be improved by judicious specification of the norm on the space of models.
Whitcomb, James H., "Asymmetric P'P': An Alternative to P'dP' Reflections in the Uppermost Mantle (0 to 110 KM)," Seismol. Soc. Anerica Bull.t 63, 133-143, February 1973. Precursors to P'P' (PKPPKP), first interpreted as sub-sjrface reflections by Gutenberg in 1960 and studied in several later papers by other authors, precede the P'P' phase by up to 200 sec. This phase, designated P'dP' where d is the depth of reflection, has unique potential for giving new details of upper-mantle structure. However, as with any newly discovered seismic phase, the uniqueness of its interpretation must be well established. Asymmetric P'P' phases reflecting from surface or near-surface dipping interfaces pose a challenge to this uniqueness because of their maximum-time nature. Simplified estimates of the amplitudes of acymnetric P'P' rays are made, including consideration of the relative amplitudes of core phases and the finiteness of the reflecting surfaces of dipping interfaces. These estimates lead to the conclusion that the reading of asymmetric P'P' at a single station is likely only in the 0-to 30-sec range before the main symnetric P'P' phase However, if array beam-forming is used. A simple and convenient formula describing the transformation of a multipolar expansion under an arbitrary proper rotation of the reference frame is derived. When combined with the known corresponding formulae for a translation, these results show how multipolar expansions transform under any proper displacement of the reference frame. Particular emphasis is placed on the seismic source problem; however, these results find applications in many other physical problems.
15. faulting of these earthquakes are predicted by plate tectonics and precise earthquake mechanism studies. Major conclusions are: Tokyo may suffer, in the hypothetical Kanto earthquake, ground motions about half as large as those experienced in the 1923 Kanto earthquake; Hamamatsu, a large city on the Tokai coast, may experience in the hypothetical Tokai earthquake ground motions which are as large as, or even larger than, those experienced in the epicentral area of the 1923 Kanto earthquake; the hypothetical Nemuro-Oki earthquake may cause ground motions as large as those experienced in the 1968 Tokachi-Oki earthquake on the coastal ci-ies in Hokkaido.
Helmberger, Donald V., "On the Structure of the Low Velocity Zone," submitted to Geophys. Jour.
Bndy wave observations from large nuclear explosions at the Nevada Test Site have been used to model the P-velocity and Q structure along the top of the mantle. The amplitudes of short per.od waves in the range 1 to 4 degrees and 12 to 35 degrees indicate substantial absorption in the low velocity zone with Q a of the order of 50. With the source treated as a known quantity we used the amplitude ratio of short to long period motion as a criterion in modelling structure. The Cagniard-deHoop technique is used to compute synthetic seismograms for proposed models. The model obtained has a high velocity lid above a thin pronounced low velocity layer with a small positive gradient existing to depths of 2c0 km. The shadow zone boundary occurs near 12 uegrees.
Helmberger, Donald V., "Numerical Seismograms of Long Period Body Waves from 17 to 40°," submitted to Seism. Soc. Am. Bull.
Long period wave propagation in the upper mantle is investigated by constructing synthetic seismograms for proposed models. A model consisting of spherical layers is assumed. Generalized ray theory and the Cagniard-deHoop method is used to obtain the transient response. Preliminary calculations on producing the phases P and PP by ray summation out to periods of 50 sec is demonstrated, and synthetic seismograms for the long period WWSS and LRSM instruments are constructed.
Models containing prominent transition zones as well as smooth models predict a maximum in the P amplitude near 20°. The LRSM synthetics are quite similar for the various models since the instrument is relatively narrow band, peaked ot 20 sec. The upper mantle appears smooth at wavelengths greater than 200 km. On the other Hand, ehe WWSS synthetics are very exciting for models containing structure. The triplications are apparent and the various pulses contain different periods.
17,
Th« amplitude of the P phase at 30 is down to about 25 percent of its 20° maximum. The amplitude of the PP phase at 35° is comparable to P . Near 37° the PP phase grows »apidly reaching about twice the P phase amplitud 0 near 40°. Models containing sharp transition zones produce hiqh frequency interferences at neighboring ranges. A profile of observations is presented for comoariscn.
Mitchell, Brian J., and Donald V. Helmberger, "Shear Velocities at the Base of the Mantle from Observations of S and ScS," submitted to Jour. Geophys. Research.
The observed amplitude ratios of transversely polarized shear w j ves, ScSH/SH, include a minimum at a distance of about 68°. Synthetic s^ismograms computed for a Jeffreys-Bullen model and for models with negative linear velocity gradients at the base of the mantle fail to explain this feature. Various positive linear velocity gradients above the core-mantle boundary explain the amplitude ratio minimum as well as an apparent difference in arrival times of the transversely and radially polarized core reactions, ScS. Good agreement between the observed and computed amplitude ratios cannot be achieved without assigning low Q values to the lower mantle or a small shear velocity value to the outer core.
At epicentral distances greater than 70°, a substantial portion of the energy recorded as a horizontally polarized ScS wave bottoms at various depths in the high velocity region rather than at the coremantle interface. Tliese precursory arrivals are in phase with the core reflections on the transverse component and out of phase with them on the radial component. This causes an apparent time differential by which the transversely polarized ScS wave seems to arrive slightly earlier than the radially polarized ScS wave.
High velocity regions between 40 and 70 km thick, containing increases from 0.3 to 0.5 km/sec above that of a Jeffreys velocity model yield the best explanation to the combined amplitude end differential t^nie data.
Jordan, Thomas H., and Don L. Anderson, "Earth Structure from Free Oscillations and Travel Times," submitted to Geophys. Jour.
An extensive set of reliable gross Earth data has been inverted to obtain a new estimate of the radial variations of seismic velocities and density in the Earth. The basic data set includes the observed mass and moment of inertia, the average periods of free oscillation (taken mainly from the Dziewonski-Gilbert study), and five new se^.s of differential travel-time data. The differential travel-time dat?
consists of the times of PcP-P and ScS-S, which contain information about mantle structure, and the times of p, /\B-p '[)p and ^BQ-P'OP« which are sensitive to core structure. A simple but realistic starting model was constructed using a number of physical assumptions, such as requiring the Adams-Williamson relation to hold in the lower mantle and corp. The data were inverted using an iterative linear estimation algorithm. By using baseline-insensitive differential travel times and averaged eigenperiods, a considerable improvement in both the quality of the fit and the revolving power of the data set has been realized. The spheroidal and toroidal data are fit on the average to 0.04 and 0.08 percent, respectively. The final model, designated model Bl , also agrees with Rayleigh and Love wave phase and group velocity data.
The ray-theoretical travel times of P waves computes from modtl Bl are about 0.3 seconds later than the 1968 Seismologicai Tables witi residuals decreasing with distance, in agreement with Cleary and Hales (1968) and other recent studies. The computed PcP, PKP, and PKiKP times are generally within 0.5 sec of the times obtainei in recent studies. The travel times of S computed from Bl are 3 to 10 sec later than the Jeffreys-Bullen Tables in the distance range 30° to 95°, with residuals increasing with distance. These S times are in general agreement with the more recent data of Kogan (1960) , Ibrahim and Nuttli (1967) , Lehmann (1964 ), Cleary (1969 ). and Bolt et aK (1970 .
high,
A lowlowthe basic rst-order ese disradius of , is 3485 1215 km.
model. The
Model Bl is characterized by an upper mantle with a 4.8 km/sec, S n velocity and a normal, 3.33 gm/cm 3 , density velocity zone for S is required by the data, but a possible velocity zone for compressional waves cannot be resolved by data set. The upper mantle transition zone contains two fi discontinuities at depths of 420 km and 671 km. Between th continuities the shear velocity decreases with depth. The the core, fixed by PcP-P tim3s and previous mode inversions km, and the radius of the inner-core-outer-core boundary is There are no other first-order discontinuities in the core shear velocity in the inner core is about 3.5 km/sec.
